A B S T R n O T The passive electrical properties of synthetic strands of cardiac muscle, grown in tissue culture, were studied using two intraeeUular microelectrodes: one to inject a rectangular pulse of current and the other to record the resultant displacement of membrane potential at various distances from the current source. In all preparations, the potential displacement, instead of approaching a steady value as would be expected for a cell with constant electrical properties, increased slowly with time throughout the current step. In such circumstances, the specific electrical constants for the membrane and cytoplasm must not be obtained by applying the usual methods, which are based on the analytical solution of the partial differential equation describing a one-dimensional cell with constant electrical properties. A satisfactory fit of the potential waveforms was, however, obtained with numerical solutions of a modified form of this equation in which the membrane resistance increased linearly with time. Best fits of the waveforms from 12 preparations gave the foUowing values for the membrane resistance times unit length, membrane capacitance per unit length, and for the myoplasmic resistance: 1.22 4-0.13 X 10 ~ f~cm, 0.224 4-0.023 # F . c m -x, and 1.37 -4-0.13 X 107 ~crn -t, respectively. The value of membrane capacitance per unit length was close to that obtained from the time constant of the foot of the action potential and was in keeping with the generally satisfactory fit of the recorded waveforms with solutions of the cable equation in which the membrane impedance is that of a single capacitor and resistor in parallel. The area of membrane per unit length and the cross-sectional area of myoplasm at any given length of the preparation were determined from light and composite electron micrographs, and these were used to calculate the foUowing values for the specific electrical membrane resistance, membrane capacitance, and the resistivity of the cytoplasm: 20.5 + 3.0 )< 103 ftcm z, 1.54 4-0.24 #F.cm-", and 180 -4-34 ~cm, respectively.
I N T R O D U C T I O N
In cardiac muscle, as in other excitable cells, the passive electrical properties of the cell m e m b r a n e a n d cytoplasm must be d e t e r m i n e d from observations of THE JOURNAL OF GENERAL PHYSIOLOGY -VOLUME 65, 1975 • p a g e s 5 2 7 -5 5 °the electrical behavior of the cell or tissue as a whole: e.g., measurements of displacements in transmembrane potential and the currents that are used to cause them. The task is greatly simplified if the shape of intracellular space conforms to some simple geometry, in which case useful equations can be derived which relate the current injected and the magnitude of the potential displacements at a point to the specific impedance of the membrane and cytoplasm.
The functional anatomy of cardiac muscle is far more complex than skeletal muscle or nerve, the fibers of which function individually and behave, in many cases of interest, as one-dimensional leaky capacitive cables. The masses of closely packed, short, roughly cylindrical cells that make up the walls of the heart, form complicated three-dimensional networks of electrically contiguous cells through resistive intercellular connections in regions of close membrane apposition. Even in structures as simple as a single, tiny, free-running bundle of fibers, such networks do not fit any particular pattern (1) .
In the past, although such complexity may have been recognized, it appears to have been considered of minor importance, presumably for the sake of theoretical simplicity. The custom has been to choose a geometrical model that resembles the gross rather than the fine anatomy of the preparation, or else the fine structure has been presumed to conform to one of several simple patterns to which a useful theoretical treatment could, or had already been applied.
For example, stacks of closely packed, interdigitating Purkinje ceils from ungulate hearts have been treated, electrically, as a single cylindrical cell and the electrical constants obtained using the classical formulae of one-dimensional cable theory as originally applied to nerve (e.g. 2-4). It is not obvious that these simplifying assumptions are justified, and the arguments and evidence in support of them have never been explicitly presented. Indeed, it has been inferred (arguments to the contrary, el. Discussion, aside) that in Purkinje bundles from hearts of smaller animals, where the complexity of fiber interconnections was found to be much simpler (i.e. splitting into daughter bundles did not occur), no relationship can uniquely relate the input impedance of a fiber to the impedance of the membrane and cytoplasm (1) .
Other preparations of cardiac muscle, such as the wall of the atrium and ventricle, have been considered as an extensive thin-plane cell (5-7), or as an hexagonal (8, 9) or square-lattice array (9-11) of interconnecting one-dimensional cells (for general review, see 12, 13). These models again oversimplify the true geometry since the actual input impedance of the tissue depends critically on the true form of intracellular space in the immediate vicinity of the site of current injection. In practice, the form of this space is neither predictable nor readily determined and only as a crude approximation does it approach the shapes or patterns of such simple geometries.
The need for a simple preparation of cardiac muscle, free of complexities and uncertainties of this kind, stems not only from the wish to obtain precise values for the specific electrical constants of cardiac muscle, but also from the wish to apply the analytic technique of voltage clamp to determine the nonlinear electrical properties of the membrane. With an experimental preparation having a geometry which could be faithfully described, mathematically, we could simulate the voltage-clamp experiments including the effects of spatial variations in membrane potential and their effects on the experimental results (14) . Our idea is that we might thereby separate those aspects of the results which arise from inhomogeneities of membrane potential control from those which originate from membrane properties. Our inability to find a naturally occurring preparation satisfying our criteria of simplicity (15, 16) drove us to explore the feasibility of growing in tissue culture an artificial preparation of cardiac muscle which would conform to a desired geometry, e.g. a single column of cells. In developing culture techniques that would accomplish this aim, a prototype preparation was developed: a tiny bundle of fibers which could be grown to any desired length (17) . Unlike its naturally occurring counterpart, the synthetic strand proved to be readily amenable to study with intracellular microelectrodes, perhaps because of the relatively rigid mechanical support along its entire length and only unorganized traces of collagen (18) . Preliminary electrical findings showed that the preparation seemed to behave as a single one-dimensional cable (19, 20) , 1 and for this reason we were encouraged to complete a full detailed analysis of its passive electrical properties. The results are presented here together with the morphometry necessary to translate the cable parameters into values for the specific electrical constants.
METHODS

Preparation
Synthetic strands of cardiac muscle were made by directing the growth of isolated embryonic chick heart cells in linear arrays (17) . In brief, the hearts from 11-to 13-day old chick embryos were removed, minced, and disaggregated at 37 °C in a solution of 0.1% trypsin-Saline G for 10 rain. The ceils were resuspended in conditioned medium and seeded at known densities (2.5 X 104-1.0 X 105 cells/em ~) on agar-coated culture dishes in which channels were cut (approximately 25 #m wide) in the agar film. The cultures were incubated from 3 to 11 days at 370C in a humidified chamber containing 5 % CO2 and 95 % air. The culture medium was Medium 199 in modified Earle's balanced salt solution containing 10 % fetal calf serum, 2 % chick embryo extract, and a 1% mixture of penicillin G and streptomycin sulfate. The concentrations for Na +, The strands typically selected for these studies by light microscopic examination were spontaneously active, uniform in width along a length greater than 1.0 cm, and bounded by naturally occurring ends. A photomicrograph of a segment of one such preparation is shown in Fig. 1 A. Previous studies by Purdy et al. (18) have shown that when such a strand is cut in cross section and examined with electron microscope, it approximates a right circular cylinder consisting of an inner core of muscle cells surrounded by an annulus of epimysium. A schematic reconstruction of one of the strands used to obtain several of the measured parameters described in the following section is illustrated in Fig. 1 B.
Morphometry
Dimensional analyses of the synthetic strands were obtained from light and electron microscopic photographs of living and fixed preparations. The average overall radius, a, of each living strand was determined from composite photomicrographs (for details, see [19] ), the overall diameter of each preparation being measured at 50-#m intervals along a length bounded by the extreme positions of the stimulating and most distant recording electrodes. From this value of a, the radius of the muscle core for each preparation was estimated by subtracting an average value for the thickness of epimysium, ~. The value of e was determined from measurements of the thickness of epimysium made at intervals of 20 ° in light and composite electron micrographs of cross sections of several preparations (for details, see [18] ). In these same preparations, the area of the muscle core, ~r, that was calculated from the measured value of a and estimated value of E (see Eq. 2), was in close agreement with the actual cross-sectional area of muscle core obtained by planimetry.
The total length of sarcolemmal profile in the muscle core (uncorrected for membrane folding), Lo, in the entire cross section of each of two strands was determined by tracing the cell boundaries from electron micrograph montages with a curvimetry map-reader. A value for the area of myoplasm in the muscle core (also uncorrected for folding), So, was measured by cutting out and weighing the appropriate regions of the prints. The myoplasmic area per unit cross-sectional area of muscle core, q/, that was calculated from these measured parameters (see Results) closely agreed with values obtained by gravimetric analysis of photomicrographs of the same preparations. The membrane folding factor, 4~, was calculated by measuring cell contours in enlarged sections of electron micrographie plates that were projected onto a wall screen. The true sarcolemmal length and the length ignoring folding (i.e. the length corresponding to Lo, above) were measured with a map-reader and a length of thread, respectively. The ratios of these two values, when averaged, gave the average folding factor, ~.
Elearophysiological Recording
The electrophysiological methods used in this study have been described in detail elsewhere (19) . Fig. 2 is a diagrammatic representation of the preparation and recording apparatus. The strand was stimulated extracellularly once every 630 ms through a bevel-edged glass microelectrode (tip diameter approximately 50 /~m) filled with 1.5 % agar in Saline G. Glass microelectrodes (40-60 M~) were used to record transm e m b r a n e potential and to inject current into a cell: bipolar reed relays switched the
electrode to either a constant current generator (21) or to a guarded input probe amplifier (22) . Two silver wires formed the return and reference electrode for the extracellular stimulation and intracellular microelectrodes, respectively. Rectangul current pulses (50-150-ms duration) were injected via one intracellular microelectrode after every fourth or sixth action potential, approximately 350 ms before the or'-set of the next action potential (Fig. 3 A) . A second intracellular microelectrode recorded the resultant displacement of membrane potential at various distances along the strand away from the current electrode. Conduction velocity was measured as the ratio of the time between the moments at which the rate of depolarization reached a maxiinum in action potentials recorded at two points divided by the distance between them (Fig. 3 B) .
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Numerical Computation
The partial differential equation
ri Ox 2 Ot rm(t)
was solved numerically by the Crank-Nicolson implicit method (23) . A total preparation length of 5 mm (approximately 5 length constants) was simulated in 100 segments by choosing the length increment Ax to be 0.05 into. The time increment at At was chosen for each integration to make the mesh ratio At/(ric,,[Axl 2) equal to 1 ; a typical value of At was 75/as.
Numerical solutions of Eq. 1 were fitted to the experimental data by constructing an error function relating the solutions and data and finding values of the parameters rl, r,~, c,~, and a which minimized this error function. The families of experimental curves were enlarged photographically and voltages were read off at 25 values of time for each electrode distance (see Results). The error function was then equal to the sum of the absolute values of the differences between the measured and calculated voltages at each time and position. An algorithm similar to that of Powell (24) was used to minimize the error function and was chosen because it did not require a knowledge of the derivatives of the error function.
DEFINITIONS
Symbols for Morphometry
a overall radius of the strand (cm). thickness of epimysium (cm).
Lo curvimetered length of sareolemmae (cm).
So measured area of muscle core (cm2).
4~ membrane folding factor. o" cross-sectional area of muscle core (cm2). L sarcolemmal length in muscle core (cm). /3 sarcolemmal length per unit cross-sectional area of muscle core.(cm=l).
myoplasmic area per unit cross-sectional area of muscle core. A cross-sectional area of muscle core per unit length of preparation (em 2. cm-I). S myoplasmie area in muscle core (cm2).
Relevant Morphometric Equations
The following equations were used to derive the morphometric parameters that were used in the derivation of the membrane parameters. Super-bar (--) over any morphometric variable denotes average values obtained from preparations.
,~ = So/~.
Symbols Jor Cable Parameters displacement of membrane potential (V).
applied current; I = 0 for t < 0, I = Io for t > 0; (A).
distance along the strand from point of current injection (era). time (s). resistance of myoplasm per unit length (f~cm-1). 
Ro
Ri Rm C~ membrane resistance times unit length at any time, l; L,, is value at start of current pulse, t = 0; (12cm). membrane capacitance per unit length (F. cm-1). time rate of change of membrane resistance (s-I). time constant of the foot of the action potential (s). conduction velocity (cm-s-~). slope of input current-voltage relationship (Q). volume resistivity of the inyoplasm (f~cm). specific resistance of membrane at any time, t;/?,~ is value at start of current pulse, t = 0; (Qem2). specific capacitance of membrane (F. cm-2). Fig. 4 shows typical examples of the change in membrane potential produced by a rectangular pulse of hyperpolarizing current recorded at increasing distances from the site of injection of current. In all instances, the displacements in membrane potential produced by the current were not from a fixed resting potential because all preparations showed diastolic depolarization characteristic of pacemaker cells (see Fig. 3 A) . Assuming that the basic mechanisms underlying this slow depolarization are unaffected by the current and/or displacement of potential from its natural time-course, the potential change of interest is the displacement in membrane potential obtained by subtracting the potential during the current pulse from that during its absence.
RESULTS
Electrical
'['his procedure and its results are illustrated in Fig. 5 : oscillographs of the time-course of membrane potential during and in the absence of the current pulse, for all experiments, were projected and the borders of the traces were outlined. The displacement in membrane potential at any time during the pulse was determined as the difference in potential measured from points midway between the outlines of the potential traces in the presence and absence of current. The time of onset of current was taken as the border outlining the break in the potential trace as indicated in the figure. In this way, the timecourse of change in potential displacement during the current pulse was reconstructed for each of the several recording sites distant from the current electrode.
In these, as in all other such records, the potential displacement, instead of approaching a steady value as would be expected for a cell with constant electrical properties, increased slowly with time throughout the current step. A creep in potential such as this has been recorded by others, both in cardiac muscle (2, 25, 26) , especially in those preparations that were pacemaking (such as ours), as well as in skeletal muscle (27) . TIlE  JOURNAL  (IF  GI~: NEIZAI, PttYSIOI,OGY -VOLUME 6 5
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In most preparations, the magnitude of the displacement at a given time (e.g. the end of the current pulse) varied linearly with that of the applied current, up to the maxilnum value recorded of approximately 30 m\: (  Fig. 6 ), although in a few instances the relationship curved slightly at t,~,~ higher potentials, the slope resistance increasing with potential. 'l'he linearity Example of procedure for obtaining the displacements in membrane potential. The solid points in the lower panel are midway between the upper and lower outlines of the corresponding photographic traces (the solid lines were hand-drawn through these points). See text for further explanation. FIGURE 6. Current-voltage relationship at various distances from the site of injection of hyperpolarizing currents. Ordinate: current intensity (nA). Abscissa: displacement of membrane potential (mV).
of the current-voltage relationship suggested that the creep in potential could be accounted for by a time-dependent (but voltage-and current-independent) increase in membrane resistance. A similar time dependent increase in membrane resistance has been said to underlie diastolic depolarization in pacemaking fibers (28, 29) .
Nonetheless, whatever its true cause, the creep is clearly a serious obstacle in determining the passive electrical properties of the preparation (2). The usual methods that are applicable to the geometry of our preparations are based on the analytic solution of the partial differential equation describing a one-dimensional cell with constant electrical properties. Clearly, potential wnveforms with creep of the magnitude found in our experiments (and for t matter found by others) cannot be fitted with such solutions. Indeed, until shown otherwise, the use, in such circumstances, of the classical formulae derived from these solutions to obtain values for the cable parameters is invalidated.
The only recourse is to attempt to obtain a satisfactory fit of the wavet0rms of potential displacement by assuming some additional factor that will account for the slow creep in potential. As pointed out above, a time-dependent increase in rm could be such an assumption. A plot of Ro 2 as a function of time during the latter part of the current pulse suggests, intuitively at least, that a linear increase in rm as a function of time might prove satisfactory (see Fig. 7 ). 2 Unfortunately, we were unable to find an analytic solution of Eq. 1. The families of waveforms of potential displacement of the kind shown in Fig. 5 were therefore fitted with numerical solutions of Eq. 1, with rm(t) --f,,(1 + ~xt), a being a constant for each preparation and L, the initial value of r,, at the start of the current pulse (t --0) and where r~, c,,, V, and x are as defined in Definitions. The values of these parameters were chosen to give an overall best fit to each family of waveforms (see Methods).
The quality of the fit to 12 families of waveforms from 12 preparations ranged from poor to good (see Fig. 8 ). The best example (Fig. 8 A) demonstrates that the preparation behaved remarkably like a one-dimensional cell, not only at long but also at short times after the point application of a step of 2 An increase in ri as a function of time would have been an equally reasonable assumption in order to account for the creep in potential at one point. The correct choice is decided by the overall fit to the family of waveforms, for an increasing rm causes the "length constant" to increase with time whereas an increasing r i causes it to decrease. We do not wish to suggest that the success of this simple assumption (cf. hyperpolarizing current. In other preparations, the fit was less satisfactory (see Fig. 8 B, C) . The deviation at short times was almost invariably of the kind shown in Fig. 8 C, and is reminiscent of that seen when a component part of the membrane capacitance is in series with a substantial resistance, as, for example, in skeletal muscle (30) and Purkinje strands from ungulate hearts (3). Except for the latter, this property in cardiac muscle most likely originates not from the membrane itself or from a finely distributed second system of membrane (e.g. in the form of transverse tubules or clefts), but from the multifibered nature of the preparation (1, 15) . Clefts or transverse tubules, when present, are too short or too large to be effectively isolated from the rest of the membrane. If the frequency and distribution of resistive connections between cells is insufficient to smooth out the discontinuity introduced by the discreteness of such ccnnections, the fibers can behave locally as a cable terminated, more or less, at one point by a number of cables. 'l'he equivalent circuit of this case is identical to that which would fit waveforms of the kind shown in Fig. 8C.   The values of c,., ~.,, r,, and a for the best fits are given in Table I . a In order to convert these values of c,., ~.,, and r~ to the corresponding values for the specific cable parameters, G.,, i~,~, and R~, two morphological quantities must be determined for each preparation, namely: the area of membrane per unit length, A, and the cross-sectional area of myoplasm at any given length, S 
0).
than 100 #m from the natural end of the strand.
Morphometry
Ideally, in order to determine the above two morphometric parameters, it would be necessary to measure in each preparation the total sarcolemmal length and the area of myoplasm in every cross section of the preparation throughout its length, a clearly impractical task. Consequently, we determined four factors (~, ~, ~, ~) which allowed us to estimate the value of the two quantities, A and S, in any given preparation from the overall radius of that preparation.
The thickness of epimysium was measured in several ways (see Methods) in light microscopic cross sections of several preparations as well as in the two electron micrographic montages referred to below. The thickness was found to be approximately constant (10 #m), appearing to be independent of the overall radius of the preparation. A constant value of 10 ~m for the factor was therefore used in Eq. 2 to determine the cross-sectienal area of muscle core, a, for any given preparation.
In Lo, a, and the value for the folding factor, 4~, cited below. The values obtained for/3 in each of the two preparations were 8.92 X 103 cm -1 and 8.60 X 103 cm -1 (mean value of ~ = 8.76 X 108 cm -1) (see Table II ). These values are comparable to those obtained for the area per volume ratio of frog ventricle (35, 36) and agree very closely with those area per volume values obtained for mass cultures of embryonic chick heart cells (37) as well as embryonic chick right ventricle (34) .
The folding factor, 4~, was required to correct for the error in the curvimetered measurements of sarcolemmal length made from the electron micrographic montages since these micrographs were necessarily of low magnification (X 9,000). As a consequence, many small membrane foldings were below the resolving power of the map measurer that was used to make the measurements of sarcolemmal length. A folding factor, 4~, for the membrane in the transverse and longitudinal directions was estimated from projected electron micrographic sections (see Methods) and was found to be approximately equal in both directions. The average value of ~ for the longitudinal direction was 1.08 (9 determinations in 4 plates from 1 preparation) whereas the average value for the transverse direction was 1.11 (31 determinations in 15 plates from 2 preparations). No noticeable differences were observed in the membrane folding of superficial fibers and of fibers deep in the preparation. These values are less than the values recently reported for the membrane folding factor of goat Purkinje fibers (38) , the difference, however, can no doubt be attributed to differences between the preparations and methods of fixation.
The average overall radius, a, of each living strand was determined from several measurements of the overall diameter of each preparation along its length (see Methods). These average values are listed in Table I for the 12 preparations. With each of these individual values of a, the values of the two quantities A and S for each preparation were derived using the four factors, ~, Uh, ~, ~, as described in the following section. The individual and average values of these four factors are listed in Table II. Using Eqs. 2 and 7, the average cross-sectional area of myoplasm in each strand, S, was derived, from the average measured value of the overall radius of the living strand listed in Table I , together with the factors ~ and xI,. The average area of membrane per unit length of each strand, A, was derived from the same average overall radius with factors ~, ~, and $ using Eqs. 2 and 6. The resulting values of S and A for each of 12 strands, which will be used to derive R~, R,,, and C,~ from r~, f,,, and c,,, respectively, are listed in Table I .
The need for accurate values of these morphometric parameters in this regard has been discussed for cardiac muscle (13, (38) (39) (40) and has recently been nicely demonstrated for skeletal muscle (41) . The value of the ratio of surface area of membrane to volume of the strand (obtained from the ratio of S and A) of 0.88/~m -1 corresponds to a cell diameter of 4.5 ~m (assuming a cylindri-cal shape cell), which falls within the range of values reported for embryonic heart ceils (3-10 #m [18, 42] ) and newly hatched chicks (2-7 /~m [43] ). In frog ventricular fibers, a similar correspondence is to be found between the cell diameter derived from the area per volume ratio (3.0/~m [36] ) and that observed histologically (2-5 #m [44] ).
Myoplasmic Resistance
The volume resistivity of the myoplasm was calculated by multiplying each of the values for ri (see Table I ) by the corresponding calculated value for the cross-sectional area of myoplasm, S, for each preparation. The values for R~ so obtained had a mean of 180 -4-35 tlcm (see Table I ). This value is within the range of values obtained by others for frog skeletal muscle (18-22°C [41] ) and chick skeletal muscle in tissue culture (35-37°C [45] ).
In contrast, for cardiac muscle values ot R~ ranging from 60 to 500 tlcm have been reported for naturally occurring (2, 3, 39, 46) as well as tissue-cultured preparations (47, 48) . This large spread is without doubt largely attributable to the varying degree to which the actual geometry of the preparation approached the various simple geometries (cylinder, sheet, etc.) that were assumed in order to calculate the area of myoplasm in any cross section of the preparation and to derive the theoretical relationship between R~ and the input resistance (see Discussion).
Membrane Resistance
The specific membrane resistance at the start of the current pulse,/~,,, was calculated by multiplying each of the values of ~,, by the corresponding calculated value for the area of membrane per unit length, A, for each preparation as shown in Table I . The average value of 20.5 ± 3 X 103 12cm ~ is high compared to that found for skeletal muscle (3.9-8.6 X 103 flcm ~ [41] ) but comparable to that found for slow (30) and smooth (49) muscle fibers. The value is also high compared to earlier estimates of R, for cardiac tissue (ca. 2.0 X 103 flcm 2 [2, 3, 50] ) as well as those recently obtained (e.g. 9.0 X 103 flcm 2 [39] ). These low values for cardiac muscle are no doubt attributable to the fact that the actual area of membrane per unit length of preparation was much greater than that calculated for a right circular cylinder equal in diameter to that of the preparation. This assumption is obviously at variance with histological fact in the case of ungulate Purkinje strands (15, 38) for which many of the earlier estimates of R,, were made (see Discussion).
Membrane Capacitance
The specific membrane capacitance, C,,, was calculated by dividing each of the individual values of C,, listed in Table I by the corresponding area of membrane per unit length of strand, A, and was found to be 1.54 ± 0.24 #F. cm -~. The previously reported values for C,~ vary widely both for naturally occurring cardiac muscle (0.81-13.3 #F.cm -2 [2, 3, 39, 46, 50] ) and tissuecultured heart cells (1.3-20 #F .cm -2 [48, 51] ), no doubt for the same reasons mentioned for the equivalently wide variations in R,,. Furthermore, the area of membrane per unit length of the preparations used in these reports may have been in two components, one being in series with a resistance; as a consequence, c,, should vary with the method (e.g. rectangular pulse or foot of action potential), all other conditions being equal, as has indeed been shown (3, 4) . In the synthetic strand, it would appear from the satisfactory fit of numerical solutions of Eq. 1 that the membrane capacitance is not divided into two such components. This conclusion is supported by the near unity value for the ratio of c,, as determined by this method and that obtained from the foot of the action potential (see Table III ). ~ Ratio of era/cap = 1.27. § ± SEM.
DISCUSSION
The greatest source of error in previous and, potentially, in all estimates of the values of the electrical constants of cardiac muscle arises from the differences between the true and the assumed form of the geometry of the preparation on which the measurements are made. Although all thin sheets of cardiac muscle can be described, as a first approximation, as a continuum of individual, but electrically contiguous cells that form a single thin plane cell, the electrical properties that determine the membrane potential displacement are functions of distance from the site of injection of current. The particular forms of these functions (the area of membrane and the cross-sectional area of cytoplasm as flmctions of distance) depend on the particular form which the assumed frequency and distribution of resistive interconnections between cells is presumed to take (5-13, 47, 48) . The actual geometry in a given preparation is unknown; it clearly does not fall into any of the simple patterns previously considered, and it would not be feasible to determine the actual functions by morphometry. Some of these problems could be circumvented by using current sources designed to reduce the problem from a two-or three-to a one-dimensional field problem: for example, in the case of a sheet-like preparation, an external line source (6) could be used, and, in the case of a thick bundle, the current could be injected effectively into all fibers with a diffuse external source. Unfortunately, however, studies using the latter approach (26, 39, 46) did not include adequate morphometry; questionable assumptions were made in the estimates of the surface area of membrane per unit length, the cross-sectional area of cytoplasm, and the myoplasmic resistivity.
The use of thin, naturally occurring strands from the Purkinje network of ungulate and dog hearts does not necessarily simplify the problem. The morphology mayin fact be more complex, as in dog (15), or simpler in a given cross section, as in goat (15) . However, the bundles of Purkinje cells are tightly packed together, higgledy-piggledy in the dog, more orderly in the goat (15) , effectively separating the membrane capacitance into two components, one on the surface and one in series with an appreciable resistance in the form of the narrow clefts of extracellular space between fibers (3, 4) . In addition to the problems associated with ion accumulation and depletion in these clefts (e.g. 53), the individual bundles have been shown to split into daughter bundles (15) .
On the other hand, Purkinje strands from hearts of smaller animals such as the rabbit, cat, and guinea pig, do not appear to have these deficiencies: the strands in such bundles are loosely packed, except where adjacent cells form junctional complexes and where, presumably, the cells are resistively interconnected. However, a histological study of serial sections from a Purkinje strand (approximately 200-#m length) from the rabbit heart showed that the frequency and distribution of junctional complexes were not sufficiently great or extensive to obliterate, electrically, the multifibered behavior of the preparation (1). When current is injected with a microelectrode, the current may or may not have to travel a considerable distance before finding its way into the other fibers. Thus, no single relationship could exist which would relate the input resistance of that fiber to the specific membrane resistance and capacitance and the resistivity of the cytoplasm, and in the region near *he current electrode, the voltage and current distributions would not be characteristic of a one-dimensional cable. Clearly, at some distance from the site of current injection, sufficient interconnections between fibers would have occurred to cause the current to be distributed such that in a given cross section, the intracellular potential in all fibers would be the same. In this case, the strand should behave from there on as a one-dimensional cable. Attempts to test this hypothesis in rabbit Purkinje strands failed (unpublished observations) because of the difficulty in making successful multiple impalements.
The unpredictable nature of the geometry of naturally occurring cardiac muscle coupled with experimental difficulties of this kind no doubt motivated the exploration of the use of tissue-cultured preparations. Although single isolated cells of cardiac muscle in tissue culture might at first sight seem to be ideal preparations, their small size (100-200 #m long, 3-10 ~m wide, and 1-2 #m thick) is a severe limitation. Assuming a value of 30,000 f~cm 2 for the specific membrane resistance and 1 #F. cm -~ for the specific membrane capacitance, the input resistance would be between 109 f~ and 10 l° f~, and the input capacitance between 4-30 pF. In order to record accurately such a high input impedance, not only must a tight seal be made between the membrane and electrode at the site of puncture, but also extraordinary precautions must be made to reduce stray input capacitances and great care taken in compensating for the unavoidable shunt capacitance between the electrode and the grounded bathing solution. The difficulty, if not impossibility, of achieving a tight seal, perhaps accounts for the very low resting potentials that have been recorded from such cells (47, (54) (55) (56) (57) . Indeed, all our attempts to make measurements from single isolated cells have not been satisfactory in spite of using microelectrodes of small tip diameter (resistance, 40-60 M~), and a high power microscopic control of several forms of automatic motion for the final insertion of the microelectrode into the cell. Invariably, the cell became vacuolated and developed surface blebs; at best, stunted action potentials were recorded with corresponding low resting potentials, and at other times, only "resting potentials" were obtained which were never greater than 20-30 inV. This range of values is suspiciously similar to the liquid junction potential between KC1-filled microelectrodes and extruded myoplasm (58) .
The need for a high input shunt impedance to study the passive electrical properties of such cells precludes the use of two separate microelectrodes, one for current injection and one for voltage measurement: a double-barreled microelectrode or a single dual-purpose microelectrode must be used instead. These techniques employ various procedures to correct for the effects of the so-called "convergence" resistance of the microelectrode, which, as has been pointed out previously, are, or can be, more or less ineffective (59) . For example, in using one single-barreled microelectrode, the electrode frequently forms one arm of a Wheatstone bridge. The usual procedure, in this case, has THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 6 5 • t975 been to balance the bridge with the electrode situated extracellularly, and the entire "out-of-balance" signal that was recorded when the electrode was inserted into the cell was taken to be due to the addition of the input impedance of the cell into the bridge circuitry (51, 57, 60) . However, a large fraction of the change in impedance on moving into the cell is the result not only of a change in the resistivity of the medium into which the tip of the microelectrode is immersed (a fact which has been recognized and accounted for in some studies [6] ), but also of a change in geometry of the volume conductor in the immediate neighborhood of the tip of the electrode (59) . Unfortunately, more often than not, the correct procedures for balancing the single-electrode bridge (59) or for separating, in general, the true displacement in membrane potential from the total recorded voltage displacement for single-or double-barreled microelectrodes (59) were not used. As a consequence, erroneously high values are obtained for the input resistance which invalidate the resultant values tor the electrical constants (e.g. 51, 57). Muhicellular, sheet-like preparations ot tissue-cultured cardiac muscle suffer from the same drawbacks as their naturally occurring counterparts: problems arising from the complex geometry of fiber interconnections. These preparations have been treated theoretically as a one-dimensional cell (flat ribbon or cylinder [47, 48, 51, 62] ) although perhaps, in some cases, the assembled clusters of myoblasts right have been better described as a thick, plane cell or semi-infinite solid. In addition, such tissue-cultured preparations generally were "contaminated" with nonmuscle cells, and, to further complicate matters, the single-electrode bridge technique was frequently used in some of these studies in a way that was open to the kind of criticism referred to above.
Morphologically, the synthetic strand closely resembles its naturally occurring counterpart: the Purkinje strand from hearts of small mammals (1) . The strand has a core of well-differentiated muscle fibers with regions of close fiber apposition displaying similarly well-differentiated nexuses, fascia, and maculae adherentes (18) . Electrically, the synthetic strand behaves remarkably like a simple one-dimensional cell: the time-course of displacement in membrane potential in response to a rectangular pulse of current is that of a onedimensional cell in which the membrane impedance is described by a single resistor and capacitor in parallel. The frequency and distribution of resistive connections between cells are thus apparently sufficient to conceal the multifibered nature of this preparation in this form of analysis, at least for electrode separations greater than 100/zm. Inspection of the quasi-electrical wire diagram of the naturally occurring rabbit Purkinje strand (1) suggests that the same would be true for this preparation. However, we recognize that in different circumstances (e.g. shorter distances, activity, or more detailed AC analysis, of. [63) ] this might ngt be the case and that the cable properties might be better described three-dimensionally.
CONCLUSION
In its simplest form, the passive electrical behavior of the synthetic strand, in response to a pulse of injected current and at distances greater than 100 #m, is that of a one-dimensional cable in which the membrane impedance is described by a resistor and a capacitor in parallel, permitting us to extract values for the specific electrical constants of the membrane and cytoplasm. The elemental behavior afforded by such simplified shapes of preparations (e.g. cylinder or sphere) is the simplest that we can obtain at the present time. Although far from the ideal of a single, extraordinarily large cell in which intracellular voltage gradients can be effectively abolished by the insertion of a metallic conductor, the preparation is sufficiently simple to permit its simulation: the behavior that is attributable to its geometry could perhaps be separated from that which must be attributed to its membrane.
The contribution which the complex architecture of the ventricular wall gives to its electrical behavior remains a mystery. Perhaps this can be solved by systematic reconstruction in tissue culture, strands could be made to branch and form regular but increasingly complex geometric patterns, and the changes in electrical behavior evoked by this reconstruction could be studied.
